The purpose of this research is to develop a method for non-destructive measurement of nitrate concentration in vegetable leaves. Near-infrared (NIR) spectroscopy was adopted for the measurement. Spinach and komatsuna leaves were examined. Absorption spectra at small areas in the leaves were measured by a NIR spectrometer. The measured areas were cut away from the leaves and their nitrate concentrations were measured by a liquid chromatography analyzer. Mathematical models to estimate the nitrate concentration from the spectra were developed by PCR or PLS methods with a wavelength selection algorithm. As a result, the maximum coefficient of determination between the measured and estimated concentrations became more than 0.8.
INTRODUCTION
Nitrate is found naturally in the environment and is an important plant nutrient. It is present in varying concentrations in all plants and is a part of the nitrogen cycle. Since nitrate is the most stable oxidation state, nitrite is not usually present in significant concentrations except in a reducing environment. In general, the most important source of human exposure to nitrate is through vegetables. In a human body, nitrite can be formed by the microbial reduction of nitrate, which is one of the constituents in vegetables. Nitrites can lead to methemoglobinemia and the formation of N-nitroso compounds, which are carcinogenic (Guidelines for drinking-water quality 2008).
In order to decrease the nitrate concentration in vegetable leaves in open field cultivations, a management of fertilization is necessary. The effectiveness of the fertilization management will improve, if it is possible to measure the nitrate concentration in living leaves easily at the field. In the case of closed system, such as a plant factory, it is easier to reduce the nitrate concentration in vegetable leaves than open field because the system usually equips with facilities to control cultivation environments. Light quantity and quality affect the nitrate concentration in vegetables (Matsumoto et al. 2010) . Even in the closed system, a continuous measurement of the nitrate concentration in an individual plant is necessary for more detailed analysis of the environment control (Matsumoto et al. 2009 ). At present there are only destructive and time-consuming methods for measuring the nitrate concentration. Non-destructive and real-time measurement methods should be developed.
Near-infrared spectroscopy (NIRs) was adopted in this research for the non-destructive measurement. NIRs has been an important tool for the qualitative and quantitative analyses of the internal properties of fruits and vegetables, such as kiwifruit (Shaare and Fraser 2000) , tomato (Khuriyati and Matsuoka 2004) . For the measurement of nitrate concentration, Ito et al. (2003) examined visible-NIR absorption spectra obtained from rhizomes of Japanese radishes; the calibration model that used only four wavelengths was derived by a stepwise regression method. Matsumoto et al. (2009) developed models to measure nitrate concentration in the whole body of a lettuce by using absorption spectra in the range of 700-960 nm; the potential to measure nitrate concentrations in vegetables by NIRs has been reported. Kanda et al. (2010) and Itoh et al. (2010) developed near-infrared hyperspectral imaging system to measure the nitrate concentration distribution in a vegetable leaf. They estimated the nitrate concentration at each pixel in a leaf image with high accuracy and showed the digital images of the distribution of nitrate concentration in a leaf. These results indicated that the nitrate concentration changed large by a point inside a leaf. Thus, the area or the mass of leaf samples that are used for developing mathematical calibration model should be as small as possible. The accurate non-destructive measurement of nitrate concentration of a leaf was realized by the near-infrared hyperspecral imaging system. However, this measurement needs many devices and has to process a huge amount of hyperspctral data. More compact and simple measurement system is necessary for the use in open fields. Then the purpose of this research is to develop a method for nondestructive measurement of nitrate concentration in vegetable leaves by using a portable near-infrared spectrometer.
MATERIALS AND METHODS

Preparation of tested plants
Tested plants were spinach (Spinacia oleracea L.) and komatsuna (Brassica rapa var. peruviridis). Spinach was cultivated in 2 fertilization treatments. Chemical fertilizers that used in each treatment were Yukiagretto666 (Asahi Indutries, Japan, 20.8 g/10L) and Kaseihiryou888 (Syoukensangyou, Japan, 15.6 g/10L). Komatsuna was cultivated in 4 chemical fertilizer treatments, namely Yukiagretto666 (20.8 g/10L), Kaseihiryou888 (15.6 g/10L, 31.2 g/10L and 46.8 g/10L). The nitrate concentration of the samples showed wide variation as shown in subsequent subsection. The wide variation is necessary to develop the mathematical models.
Absorption spectra measurement
In this research absorption spectra of transparent light through a leaf was measured by the spectrometer (the wave length range; 600 nm -1100 nm, the resolution; 2 nm, the size; 150 mm 110 mm 60 mm, the weight; 0.8 kg, power supply; AC100 V -220 V or rechargeable battery, FANTEC NIR GUN, Japan) as shown in Figures 1 and 2 . The light, which was radiated from the halogen lamp, was transmitted to only small circle area through a hole in the black sponge rubber (NRS-04 SANYU SANGYO, Japan). The sample leaf was put between the sponge rubber. The transparent light through the leaf passed in the hole inside rubber and reached the light receiving probe. Since the rubber absorbed visiblenear-infrared light, there was no reflection from the rubber. Therefore information from the rubber was not included in the transparent light. All parts that were shown in Fig. 1 were pressed each other. Turbulent light did not come in the optical pass.
The diameter of the rubber hole was set as 1 cm. As described above, the size of sample should be as small as possible. However, the minimum size was limited by the ion chromatograph specifications. The extraction concentration from an extremely small sample becomes very low and falls below the specified measurement range. The adequate weight of a leaf piece was about 0.02 g. Then the diameter was decided as 1cm.
A total reflection of a white reference plate was measured before the leaf spectra were measured. The integration time was decided so that the intensity of the transparent light did not exceed that of the total reflection from reference plate. The integration time for both the measurement of spinach and komatsuna was set to 6 ms.
Measurement of Nitrate Concentration
The radiated circle part was hollowed out by a cork borer after the measurement of spectrum. The bored leaf sample was immediately put into 2 ml tubes with hundredfold distilled water. The tubes were boiled for 15 minutes. The nitrate concentration of the extraction liquid was measured by a liquid chromatography analyzer (TOA DKK IA-300, Japan). The number of measured sample was 48 for spinach and 129 for komatsuna.
Absorption spectra preprocessing
In this research two types of preprocessing were tested; one was mean-centre and the other was the standard normal variate transformation. The former was adopted to remove a spectral offset as (1) and the latter was used for removal of additive and multiplicative spectral effects as shown in (2) (Cogdill et al. 2004) ,
where MSX i is mean-centre transform of absorption A i at wavelength of ith spectrum, A i and i are mean and standard deviation of ith absorption spectrum A i , respectively and SNVX i is the standard normal variate transform of A i .
Modelling combined with method of wavelength selection
In the above measurement, 48 or 129 sets of the predictor variables, which were the absorption spectra, coupled with the objective variable, which was the measured nitrate concentration, were prepared for spinach or komatsuna. The data sets were divided into two groups, namely, calibration data to develop model equations and validation data to probe the accuracy of the models. The ratio of the number of calibration data to that of validation data was 2 to 1. The data sets were split so as to make the statistical characteristics of the objective variable equal as follows. First, all the data sets were sorted in order of the nitrate concentration. The sorted data sets were segmented into many blocks with a three data interval. In each block, the first and second data were assigned as the calibration data, and the third data was allocated to the validation data. Finally, the number of calibration and validation data for spinach became 32 and 16 and that for komatsuna was 86 and 43, respectively. Models to estimate the nitrate concentration were developed by using principal component regression (PCR) and partial least square (PLS) methods. The number of factor was decided as follows.
Step 1: First, a model was derived from the first factor of the calibration data. The validation data were substituted into the model and the correlation coefficient between the measured and estimated nitrate concentrations of the validation data was calculated.
Step 2: The next factor was added and a new model was obtained from the factors. Estimations of the validation data were computed by the new model and the new correlation coefficient between the measured and estimated nitrate concentrations of the validation data was calculated.
Step 3: If the new correlation coefficient was larger than the old one, step 2 was repeated until the new correlation coefficient becomes lesser. Finally, the number of factors that were used in the calculation of the last old correlation coefficient was adopted.
In this research, a wavelength selection method was developed. Osborne et al. (1997) developed iterative partial least squares (IPLS) method that was based on the PLS method incorporated with wavelength selection like a forward stepwise regression. The accuracy of the developed model by the IPLS was affected by selection of starting wavelengths or step size of the wavelength in the stepwise operation. In their method, a candidate wavelength, which was used in the next step, was selected randomly and the judgment of whether the wavelength was adopted to a model depended on standard error of estimations. In our research, a criterion to select the candidate wavelength was variance of absorption over the calibration data at each wavelength. Absorption at the effective wavelength to estimate the nitrate concentration must vary as a variation of nitrate concentration and will show large variance. This wavelength selection was one of the backward selection methods. Full wavelengths were examined at first and the number of wavelengths was reduced to two as in the procedure explained below. The effect of resolution of wavelength was also analysed in this selection procedure as follows:
Step 1: The initial resolution of the wavelength was set artificially. The 20 kinds of resolutions from 2 nm to 40 nm with 2 nm intervals were considered. Because the specification as per the wavelength resolution of the spectrograph was 2 nm, absorption data at the unused wavelengths were removed when the resolutions from 4 nm to 40 nm were selected.
Step 2: Variances of absorption over all the calibration samples were calculated at each wavelength selected in step 1.
Step 3: A model to estimate the nitrate concentration was developed by the PCR or PLS method with the absorptions at the selected wavelength that was reduced from full wavelengths to 2 in step 4. Three kinds of standard error were calculated, namely, standard error of calibration (SEC), standard error of prediction (SEP) and weighted average of SEC and SEP (WSE) as shown in (3)- (5),
where n c and p are the number of calibration data and factors used, y ci and ˆ y ci are the measured and estimated nitrate concentration of the ith calibration data.
where n v is the number of validation data, y vi and ˆ y vi are the measured and estimated nitrate concentration of the ith validation data.
Step 4: A wavelength, which showed the minimum variance of absorption, was removed from the wavelengths used in step 3.
Step 5: Repeat steps 3 and 4 until the number of wavelengths is reduced to 2.
A model that showed the minimum WSE was adopted as the most effective model to estimate the nitrate concentration. The wavelengths that were used in the best model were recognized as effective wavelengths for the estimation.
The analysis explained above was carried out using the software written by the authors in the C programming language. 
RESULTS AND DISCUSSION
Data used in this analysis
The measured data were split into the calibration and validation data. The ratio of the number of calibration data to that of validation data was 2 to 1. Tables 1 and 2 shows statistical characteristics of both the data. Thiese tables show mean, maximum (Max), minimum (Min) and standard deviation (STD) of the nitrate concentration as to calibration and validation data. There was no large difference in the variation of both data. Figures 3 and 4 show raw spectra of the calibration samples. Although the spectrometer output the absorption spectrum from 600 nm to 1100 nm, there were dead zones at the low and high wavelength bands. The absorption data at these bands were removed and the wavelengths from 610 nm to 1050 nm were used to estimate the leaf's nitrate concentration. Two types of preprocessing methods were applied to the raw spectra. Preprocessed spectra of the calibration data are shown in Figures 5 and 6 . Compared to Fig. 3 , offsets among the spectra were reduced by the mean-centre method (Fig. 5) . The absorption spectra shown in Fig. 4 were normalized by the standard normal variate transformation as shown in Fig. 6 . 
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Results of modelling
Models in four categories were developed according to the preprocessing and modelling methods. The effects of the initial resolution or the number of wavelengths on the weighted average of standard error WSE were examined for each model. Tables 3 and 4 show the four models that show minimum WSE in each category.
As for spinach, WSE obtained from PCR was smaller than that from PLS. Although mean-centre was more effective than the standard normal variate transformation, the difference of WSE between the preprocessing methods was not large. The best accuracy was obtained from the model that was derived from the PCR method by using mean-centre spectra. Only 16 wavelengths were extracted from 224 wavelengths in the best model. Fig. 7 shows the comparison of measured and estimated nitrate concentration.
In the case of komatsuna, There were not large differences in WSE between the preprocessing methods. The best model was derived from the PCR method by using spectra after the standard normal variate transform. This model used 166 wavelengths. WSE became larger than that of spinach because the maximum nitrate concentration was large (Tables  1 and 2 ). The correlation coefficients of the validation data R v showed similar values to that of spinach. Fig. 8 shows the relationship between the measured and estimated nitrate concentration of komatsuna samples.
Adequate correlation was found in a wide range of nitrate concentrations for the calibration data from Figures 7 and 8. However, several samples showed large errors in the validation data. Especially the model for komatsuna showed large errors (Fig. 8 (b) ). The model for komatsuna used the many wavelengths (166) and factors (27) as shown in Table 4 . This tendency indicated that it was difficult to extract major variation of the nitrate concentration from the measured spectra. Leaf veins of komatsuna are thicker than those of spinach and the nitrate concentration in leaf veins is higher than that in leaf blade. Therefore variations of nitrate concentration inside the radiated circle area of komatsuna were higher than those of spinach. It seemed that this concentration inhomogeneity of komatsuna made it difficult to extract correct information concerning nitrate concentrations from the spectra. More samples would be necessary to extract the main variation of the nitrate concentration in the spectroscopic analyses. 9 shows variation of WSE in the wavelength-selection procedure when the PCR method was applied to the komatsuna spectra after standard normal variate transform. The initial resolution of wavelength was 2 nm. Because this selection method is a backward stepwise procedure, the number of wavelengths was decreased step by step until the number was reduced to two. WSE tended to increase as the number of wavelengths decreased. However, the minimum WSE was not obtained at maximum number of wavelengths but at 166. The full wavelengths do not always give the best accuracy. The wavelength selection algorithm was effective for this analysis.
The initial resolution of the wavelength affected the estimation accuracy. Generally the models did not show high accuracy with rough resolution. However, some models developed from an initial resolution more than 2 nm gave smaller WSE than models obtained with an initial resolution of 2 nm. It was found that the wavelength-selected models were more effective than a full-spectrum model.
CONCLUSIONS
Near infrared spectroscopy was applied to the non-destructive measurement of nitrate concentration in vegetable leaves in this research. The transparent light through the 1 cm-diameter circle area of sample leaf was measured by the near-infrared spectrometer and absorption spectra were obtained. Spinach and komatsuna were examined. The circle part was hollowed out and the nitrate concentration was measured by the liquid chromatography analyzer. Mathematical models to estimate the nitrate concentration from the spectra were developed by PCR or PLS methods with the wavelength selection algorithm. The models were evaluated by WSE and the best model was developed for spinach or komatuna and showed more than 0.8 of coefficient of determination between the measured and estimated nitrate concentration of calibration data. The WSE that was obtained from the selectedwavelength model was smaller than that from the fullwavelength model. The wavelength selection algorithm was found to be effective for this measurement. There were some large errors in the estimation of komatsuna validation sample. It seemed that it was difficult to extract major variation of the nitrate concentration from the measured spectra because of the concentration inhomogeneity inside the radiated circle area of komatsuna. It would be possible to improve the estimation accuracy by increasing sample data for the development of mathematical models. In a use of this measurement method in open fields, effects of sunlight would be negligible because turbulent light does not come in the optical pass. However, effects of leaf temperature on the spectrum measurements are large. The variation of leaf temperature in open fields should be taken into account. Fig. 9 . Relation between number of wavelengths and WSE with 9 nm of the initial resolution, when PCR method was applied to the komatsuna spectra after standard normal variate transform.
